Spacetime foam can be modeled in terms of nonlocal eective i n teractions in a classical nonuctuating background. Then, the density matrix for the low-energy elds evolves, in the weak-coupling approximation, according to a master equation that contains a diusion term. Furthermore, it is argued that spacetime foam behaves as a quantum thermal eld that, apart from inducing loss of coherence, gives rise to eects such a s g r a vitational Lamb and Stark shifts as well as quantum damping in the evolution of the low-energy observables.
I. INTRODUCTION
The foamlike structure of spacetime [1{3] was rst suggested by Wheeler [1] as a natural ingredient of the yetto-be-built quantum theory of gravity, and, since then, various components, such as wormholes [4, 5] , virtual black holes [6] and quantum time machines [7, 8] , have been proposed.
The quantum theory of gravity suers from problems [9] that have remained unsolved for many years. They originate in the fact that gravity deals with the frame in which everything takes place, i.e., with spacetime, in sharp contrast with any other interaction, for which spacetime is a passive frame. When gravity i s brought onto the scene, the frame itself becomes dynamical. It suers the quantum uctuations of the other interactions and, even more, introduces its own uctuations, thus becoming an active agent in the theory.
We are used to putting everything into spacetime, so that we can name and handle events. General relativity made spacetime alive and in this sense, was a major change. But, although dynamical, the relations between dierent e v ents were still sharply dened. Quantum mechanics changed this, too. In such a dynamical frame, objects became fuzzy; exact locations were substituted by probability amplitudes of nding an object in a given region of space at a given instant of time.
A quantum uncertainty in the position of a particle implies an uncertainty in its momentum and, therefore, due to the gravity-energy universal interaction, would also imply an uncertainty in the geometry, which in turn would introduce an additional uncertainty in position of the particle. The geometry would thus be subject to quantum uctuations that would constitute the spacetime foam and that should be of the same order as the geometry itself at the Planck scale. This would give rise to a minimum length [10] beyond which the geometrical properties of spacetime would be lost, while on larger scales it would look smooth and with a well-dened metric structure.
Planck length l might play a role analogous to the speed of light in special relativity. In this theory, there is no physics beyond this speed limit and its existence may be inferred through the relativistic corrections to the Newtonian behavior. This would mean that a quantum theory of gravity could be constructed only on \this side of Planck's border" as pointed out by Markov [11] . In fact, the analogy between quantum gravity and special relativity seems to be quite close: in the latter you can accelerate forever even though you will never reach the speed of light; in the former, given a coordinate frame, you can reduce the coordinate distance between two e v ents as much a s y ou want e v en though the proper distance between them will never decrease beyond Planck length (see Ref. [10] , and references therein). This uncertainty relation x l also bears a close resemblance to the role of h in quantum mechanics: no matter which variables are used, it is not possible to have an action I smaller than h. Indeed, the uncertainty principle can adopt the form [12] I h.
The quantum structure of spacetime would be relevant at energies close to Planck scale and one could expect that the quantum gravitational virtual processes that constitute the spacetime foam could not be described without knowing the details of the theory of quantum gravity. However, the gravitational nature of spacetime uctuations provides a mechanism for studying the eects of these virtual processes in the low-energy physics. Indeed, virtual gravitational collapse and topology change would forbid a proper denition of time at the Planck scale. More explicitly, in the presence of horizons, closed timelike curves, topology changes, etc., any Hamiltonian vector eld that represents time evolution outside the uctuation would vanish at points inside the uctuation. This means that it would not be possible to describe the evolution by means of a Hamiltonian unitary ow from an initial to a nal state and, consequently, quantum coherence would be lost. These eects and their order of magnitude would not depend on the detailed stucture of the uctuations but rather on their existence and global properties. In general, the regions in which the asymptotically timelike Hamiltonian vector elds vanish are associated with innite redshift surfaces and, consequently, these small spacetime regions would behave as magniers of Planck length scales transforming them into low-energy modes as seen from outside the uctuations [13] . Therefore, spacetime foam and the related lower bound to spacetime uncertainties would leave their imprint, which m a y be not too small, in low-energy physics and low-energy experiments would eectively suffer a nonvanishing uncertainty coming from this lack o f resolution in spacetime measurements. In this situation, a loss of quantum coherence would be almost unavoidable [14] . In fact, Hawking [6] has pointed out that scalar elds may loose coherence extremely fast and that the loss of quantum coherence might also be responsible for the vanishing of the angle of quantum chromodynamics.
In this paper, we show that spacetime foam behaves as a quantum thermal bath with a nearly Planckian temperature that has a weak interaction with low-energy elds. As a consequence, other eects, apart from a loss of coherence, such as Lamb and Stark transition-frequency shifts, quantum damping, and cold diusion, characteristic of systems in a quantum environment [15, 16] , naturally appear as low-energy predictions of this model. A brief account of these results has already appeared in Ref. [17] .
This paper is organized as follows. In Sec. II, we propose an eective model of spacetime foam in terms of nonlocal interactions and argue that it is equivalent to a local theory with a stochastic classical Gaussian noise source. In Sec. III, a master equation for the low-energy density matrix is obtained and the diusion term is studied. Section IV is devoted to the quantum eects that have not been taken into account in previous sections and derive a master equation that includes them. It is also shown that spacetime foam can be described as a quantum thermal bath and the consequences of this eective behavior are analyzed. In Sec. V, we discuss the role of some of the components of spacetime foam (wormholes, virtual black holes and quantum time machines) in the eective theory. We summarize and conclude in Sec. VI.
II. EFFECTIVE INTERACTIONS
In order to build an eective theory, w e will substitute the spacetime foam, in which we possibly have a minimum length because the notion of distance is not valid at such scale, by a xed background with low-energy elds living on it. We will perform a 3+1 foliation of the effective spacetime that, for simplicity, will be regarded as at, t denoting the time parameter and x the spatial coordinates. The gravitational uctuations and the minimum length present in the original spacetime foam will be modeled by means of nonlocal interactions that relate spacetime points that are suciently close in the eective background, where a well-dened notion of distance exists. Furthermore, these nonlocal interactions will be described in terms of local interactions as follows.
Let fh i [t]g be a basis of local gauge-invariant i n teractions at the spacetime point ( x; t) made out of factors of the form l 2n(1+s) 4
[(x; t)] 2n , being the low-energy eld strength of spin s. As a notational convention, each index i implies a dependence on the spatial position x by default; whenever the index i does not carry an implicit spatial dependence, it will appear underlined i. Also propagators which, as such, will have innetely long tails and the size of the gravitational uctuations will be eectively innite. In other words, we w ould be dealing with a local theory written in a non-standard way. The gravitational origin of these uctuations eliminate these long tails because of the presence of gravitational collapse and topology change. This means that, for instance, virtual black holes [6] will appear and disappear and horizons will be present throughout. As Padmanabhan [13] has also argued, horizons induce nonlocal interactions ofnite range since the Planckian degrees of freedom will be magnied by the horizon (because of an innite redshift factor) thus giving rise to low-energy interactions as seen from outside the gravitational uctuation. Virtual black holes represent a kind of components of spacetime foam that because of the horizons and their nontrivial topology will induce nonlocal interactions but, most probably, other uctuations with complicated topology will warp spacetime in a similar way and the same magnication process will also take place.
The coecients c i1iN (t 1 : : : t N ) can depend only on relative positions and not on the location of the gravitational uctuation itself. The physical reason for this is conservation of energy and momentum: the uctuations do not carry energy, momentum, or gauge charges. Thus, dieomorphism invariance is preserved, at least at low-energy scales. One should not expect that at the Planck scale this invariance still holds. However, this violation of energy-momentum conservation is safely kept within Planck scale limits [18] , where the processes will no longer be Markovian.
Finally, the coecients c i1iN (t 1 : : : t N ) will contain a factor [e S(r)=2 ] N , S(r) being the Euclidean action of the gravitational uctuation, which is of the order (r=l ) 2 . This is just an expression of the idea that inside large uctuations, interactions that involve a large number of spacetime points are strongly suppressed. As the size of the uctuation decreases, the probability for events in which three or more spacetime points are correlated increases, in close analogy with the kinetic theory of gases: the higher the density of molecules in the gas, the more probable is that a large number of molecules collide at the same point. The expansion parameter in this example is typically the density of molecules. In our case, the natural expansion parameter is the transition amplitude. It is given by the square root of the two-point transition probability which in the semiclassical approximation is of the form e S(r) .
A simple calculation shows that
where = e S(r)=2 (r=l ) 2 . Indeed, I N contains a factor [e S(r)=2 ] N coming from the cocient c i1iN (t 1 : : : t N ), as discussed above; each i n teraction h i provides a factor (l =l) 2ni(1+si) l 4 ; there are also N integrals over spacetime positions, N 1 of which are integrals over relative positions and therefore give a factor r 4 each; and, nally, the integral over the global spacetime position provides an additional factor l 4 . The interaction term I N has contributions from three dierent length scales, Planck length l , the size of the gravitational uctuations r, and the low-energy length scale l, through the ratios r=l , r=l and l=l : the factor N (r=l) 2N 4 depends only on the rst two and is common to all powers n and spins s while the factors (l =l) 2ni(1+si) 2 depend only on the low-energy scale (in Planck units) and contain the information about the dierent kind of interactions involved.
In the weak-coupling approximation, i.e., up to second order in the expansion parameter , the trilocal and higher eective i n teractions do not contribute. The terms I 0 and I 1 are local and can be absorbed in the bare action (note that the coecient c appearing in I 0 is constant and that the coecients c i (t) i n I 1 cannot depend on spacetime positions because of dieomorphism invariance). Consequently, we can write the interaction term as a bilocal term in the Euclidean action
where we h a v e renamed c ij (t; t 0 ) a s c ij (t t 0 ). This coecient is symmetric in the pair of indices ij and depends on the spatial positions x i and x j only through the relative distance jx i x j j. It is of order e S(r) and is concentrated within a spacetime region of size r.
The eect of a single spacetime uctuation can be described in the path integral approach b y adding a contribution Thus, summing over any n umber N of them, we obtain the path integral R De I0+Iint .
The bilocal eective action does not lead to a unitary evolution. The reason for this is that it is not sucient to know the elds and their time derivatives at an instant of time in order to know their values at a later time: we need to know the history of the system, at least for a time r. There exist dierent trajectories that arrive a t a given conguration (; _ ). The future evolution depends on these past trajectories and not only on the values of and _ at that instant of time. Therefore, the system cannot possess a well-dened Hamiltonian vector eld and suers from an intrinsic loss of predictability [19] . This can be best dealt with by writing, up to a determinant, the exponential of the interaction term e Iint as [20] 
Here, the continuous matrix ij (t t 0 ) is the inverse of c ij (t t 0 ), i.e., Z dt 00 ik (t t 00 )c kj (t 00 t 0 ) = j i ( t t 0 ) :
Note that the quadratic character of the distribution for the elds i is a consequence of the weak-coupling approximation (second order in ), which keeps only the bilocal term in the action. Higher-order terms would introduce deviations from this noise distribution. The nonunitary nature of the bilocal interaction has been encoded inside the elds i , so that, when insisting on writing the system in terms of a Hamiltonian, an additional sum over the part of the system that is unknown naturally appears. Note also that we have a dierent eld i for each kind of interaction h i . Thus, we h a v e transferred the nonlocality of the low-energy eld to the set of elds i , which are nontrivially coupled to it.
If we n o w perform a Wick rotation back to Lorentzian spacetime, we see that the path integral has the form
where S 0 is the low-energy Lorentzian action and
is the Gaussian probability distribution with correlation functions c ij (t t 0 ) for the nonlocal elds i that represent spacetime foam and which are not aected by the Wick rotation.
III. CLASSICAL DIFFUSION
The analysis of the previous section ignores the quantum nature of the gravitational uctuations. Indeed, the elds i represent spacetime foam but, as we h a v e seen, the path integral for the whole system does not contain any trace of the dynamical character of the elds i .
It just contains a Gaussian probability distribution for them. The path integral above can then be interpreted as a Gaussian average over the classical noise sources i . Classicality here means that we can keep the sources i xed, ignoring the noise commutation relations, and, at the end of the calculations, we just average over them. The next section will be devoted to the quantum noise eects that we are ignoring here.
The Lorentzian dynamics of the low-energy elds will be governed by a master equation 
Next, we perform the Gaussian average over i taking into account that i (t) does not depend on i at zeroth order but only at rst order, i.e., 
where we have made a change of integration variables from t 0 to = t t 0 . We also assume that i (t) hardly changes within a correlation time r (Markov approximation), so that i (t r) i (t). This amounts to ignore terms of order 4 in the master equation. The initial condition can be taken at t 0 = 1, so that the integration range is now (0; 1). Note that, since h i (t) j (t )i = c ij () is nonvanishing only for < r , this limit t 0 ! 1 just implies that the evolution must take place over periods of time much larger than the correlation time r for the approximation to be valid. The resulting master equation in the interaction picture is then
Transforming this equation back to the Schr odinger picture, we obtain the equation
Since h i j ( ) = U + 0 ( )h j U 0 ( ) and U 0 () = 1 + O ( = l ), the nal form of the master equation for a low-energy system subject to gravitational uctuations treated as a classical environment and at zeroth order in r=l (the eect of higher order terms in r=l will be thoroughly studied in the next section) is [21] 
The rst term gives the low-energy Hamiltonian evolution that would also be present in the absence of uctuations. The second term is a diusion term which will be responsible for the loss of coherence (and the subsequent increase of entropy). It is a direct consequence of the foamlike structure of spacetime and the related existence of a minimum length. Note there is no dissipation term. This term is usually present i n order to preserve the commutation relations under time evolution. However, we have considered the classical noise limit, i.e., the noise has been considered as a classical source and the commutation relations are automatically preserved. We will see that the dissipation term, apart form being of quantum origin, is r=l times smaller than the diusion term and we h a v e only considered the zeroth order approximation in r=l.
The characteristic decoherence time d induced by the diusion term can be easily calculated. Indeed, the interaction Hamiltonian density h i is of order l 4 (l =l) 2ni(1+si) and c ij () is of order e S(r) . Furthermore, the diusion term contains one integral over time and two integrals over spatial positions. The integral over time and the one over relative spatial positions provide a factor r 4 , since c ij () is dierent from zero only in a spacetime region of size r 4 , and the remaining integral over global spatial positions provides a factor l 3 , Because of the exponential factor in e S(r)=2 (r=l ) 2 , only the gravitational uctuations whose size is very close to Planck length will give a suciently small decoherence time. Slightly larger uctuations will have a very small eect on the unitarity of the eective theory. For the interaction term that corresponds to the mass of a scalar eld, the parameter vanishes and, consequently, d =l 2 . Thus, the scalar mass term will loose coherence faster than any other interaction. Indeed, for higher spins and/or powers of the eld strength, 1 and therefore d =l increases by p o w ers of l=l . For instance, the next relevant decoherence time corresponds to the scalar-fermion interaction term 2 ,which has an associated decoherence ratio d =l 2 l=l . We see that the decoherence time for the mass of scalars is independent of the low-energy length scale and, for gravitational uctuations of size close to Planck length, may be not too small so that scalar masses may loose cohererence fairly fast, maybe in a few times the typical evolution scale. Higher power and/or spin interactions will loose coherence much slower but for suciently high energies l 1 , although much smaller than the gravitational uctuations energy r 1 , the decoherence time may be small enough. This means that quantum elds will loose coherence faster for higher-energy regimes.
IV. QUANTUM BATH
Let us now go a bit further and describe spacetime foam in terms of a quantum thermal bath. With this aim, we will consider a system consisting of the low-energy elds coupled to a quantum bath [15, 16] . By comparing this system with the results obtained above for gravitational uctuations, we will see that the latter can be substituted by a thermal bath. So, let us start with a Hamiltonian of the form Note that the functions G ij (!) and, hence, f ij () depend on the relative spatial distance jx i x j j, are symmetric in the pair of indices ij and are uniquely determined by the couplings i (!) and viceversa. In particular, they are completely independent of the state of the bath or the system.
Since the commutator of the noise operators i at different times is a c-number, we can introduce the so-called commutative noise representation [15] with h i (t) = U + ( t ) h i U ( t ) and U(t) = e iHt . This commutator vanishes for low-energy operators that are in the far past of the noise and is nonzero when they are in the near past or the future. Only in the so-called rst Markov approximation the frontier among both regimes is sharply located where both noise and low-energy elds are at the same instant of time. Therefore, the function f ij () can be interpreted as a kind of memory function.
We are now ready, following similar steps to those outlined in the previous section, to write down the master equation for the low-energy density matrix. We will describe the whole system (low-energy eld and bath) by a density matrix t (t). We will assume that, initially, the low energy elds and the bath are independent, i.e., that at the time t 0 t (t 0 ) = ( t 0 ) b :
As in the classical noise case, if the low-energy elds and the bath do not decouple at any time, an extra renormalization term should be added to the Hamiltonian. In the interaction picture, the density matrix has the form i t (t) = U + ( t ) t ( t ) U ( t ) ; with U(t) = U 0 (t)U b (t), where U 0 (t) = e iH0t and U b (t) = e iH b t . It obeys the equation of motion
Here,
(1) Integrating this evolution equation and introducing the result back into it, we obtain the following integrodierential equation: In the weak-coupling approximation, which implies that i h i is much smaller than H 0 and H b (this is justied since it is of order ), we assume that the bath density matrix does not change because of the interac- In this calculation, we have made use of the following relations, valid for a thermal state:
Similarly, w e can easily compute the higher order correlations h i (t) j (t 0 ) k (t 00 )i, etc. Those containing an odd number of elds i turn out to be identically zero while those containing an even number can be written in terms of the two-point correlation function c ij (). This means that the trace hQi corresponds to a Gaussian average over i , provided that the bath is in a thermal state, as we are considering. In this way, we have established a relation between a quantum thermal bath and spacetime foam, which can also be described by a Gaussian average, as we h a v e seen. and introduce this expression in the master equation above, we easily see that the error introduced by the Markovian approximation is of order 2 , i.e., it amounts ignore a term of order 4 . The upper integration limit t in both integrals can be substituted by 1 for evolution times t t 0 much larger than the correlation time r, because of the factors _ f ij () and c ij () that vanish for > r , which is equivalent t o t a k e the initial condition to the innite past t 0 ! 1 . Before discussing this equation in full detail, let us rst study the classical noise limit. With this aim, let us introduce the parameter
which is equal to 1 for quantum noise and 0 for classical noise. Then, the f-term is proportional to and therefore vanishes in the classical noise limit. The c-term also contains a factor but, in addition, N(!) becomes N(!) when introducing the parameter . In the limit ! 0, the term proportional to 1=2 i n c ij () vanishes and the term proportional to N(!) acquires the value c ij class () = T f ij (). Also, the renormalization term of the low-energy Hamiltonian vanishes in this limit. In this way, we have arrived at the same master equation that we obtained in the previous section. This is not surprising because the origin of the f-term is precisely the non-commutativity of the noise operators, i.e., its quan- It is also convenient to dene the new interaction operators for each l o w-energy frequency h 1 j = h + j h j ; h 2 j = h + j + h j :
The quantum noise eects are reected in the master equation through the term proportional to f ij () and the term proportional to c ij (), both of them integrated over 2 (0; 1). Because of these incomplete integrals, each term provides two dierent kinds of contributions whose origin can be traced back to the well-know formula The dissipation term
is necessary for the preservation in time of the low-energy commutators in the presence of quantum noise. As we have seen, it is proportional to the commutator between the noise creation and annihilation operators and, therefore, vanishes in the classical noise limit. Its size is of order " 2 r=l 2 .
The diusion process is governed by
which contains two contributions: the rst one is a temperature eect of order " 2 =l and the second is a cold diffusion originated in the vacuum uctuations of the gravitational eld and it is of order " 2 r=l 2 . In the classical noise limit, only the rst contribution survives and was already studied in the previous section.
The next term provides an energy shift which can be interpreted as a gravitational ac Stark eect by comparison with its quantum optical analog [15, 16] . Its expression is
Although it is also a temperature-dependent eect with the same origin as the diusion term, it contains a Cauchy principal part. This translates into the fact that it is smaller than the diusion term although it does not vanish in the classical noise limit. It is of order " 2 r=l 2 .
Finally, L lamb is an energy shift generated by the vac- The second term is of order " 2 r 2 =l 3 , which is fairly small. However, the rst term will provide a signicant contribution of order " 2 r=l 2 log(l=r). This logarithmic dependence on the relative scale is indeed characteristic of the Lamb shift [15, 16, 23] .
As a summary, the f-term provides a dissipation part, necessary for the preservation of commutators, and a contribution to what can be interpreted as a gravitational Lamb shift. On the other hand, the c-term gives rise to four dierent contributions: a thermal diusion term, another diusion term originated from the vacuum uctuations of the bath, another contribution to the gravitational Lamb shift and, nally, a shift in the scalar-eld oscillation frequencies that can be interpreted as a gravitational Stark eect. The size of these eects, compared with the bare evolution, are the following: the thermal diusion term is of order " 2 , which is the only one that survived in the approximations of the previous section; the diusion created by v acuum uctuations, the damping term, and the Stark eect are smaller by a factor r=l; and the Lamb shift has two contributions: one is smaller than the diusion term by a factor (r=l) 2 and the other is of order (r=l) log(l=r) as compared with the diusion term. Note that the quantum eects induced by spacetime foam become relevant as the low-energy length scale l decreases, as we see from the fact that these effects depend on the ratio r=l, while, in this situation, the diusion process becomes slower, except for the mass of scalars, which always decoheres in a time scale which i s close to the low-energy evolution time.
V. VIRTUAL BLACK HOLES, WORMHOLES, AND TIME MACHINES
It is well-known that it is not possible to classify all four-dimensional topologies [2] and, consequently, all the possible components of spacetime foam. Here, we will briey discuss three dierent kinds of uctuations: simply connected nontrivial topologies, multiply connected topologies with trivial second homology group (i.e. with vanishing second Betti number), and nally spacetimes with a nontrivial causal structure, i.e. with closed timelike curves, in a bounded region.
The models described in this paper are particularly suited to the study of low-energy eects produced by simply connected topology uctuations. Hawking [6] has shown that compact simply connected bubbles with the topology S 2 S 2 (whose second Betti numberisB 2 = 1 ) can be interpreted as closed loops of virtual black holes if one realizes [24] that the process of creation of a pair of real charged black holes accelerating away from each other in a spacetime which is asymptotic to < 4 is provided by the Ernst solution [25] . This solution has the topology S 2 S 2 minus a point (which is sent to innity) and this topology is the topological sum of the bubble S 2 S 2 plus < 4 . Virtual black holes will not obey classical equations of motion but will appear as quantum uctuations of spacetime and thus will become part of the spacetime foam. Particles could fall into these black holes and be re-emitted. The scattering amplitudes of these processes [6] could be interpreted as being produced by nonlocal eective interactions that would take place inside the uctuations and the master equation obtained above could then be interpreted as providing the evolution of the low-energy density matrix in the presence of a bath of ubiquituous quantum topological uctuations of the virtual-black-hole type.
Multiply connected uctuations (with vanishing second Betti number) such as wormholes [4] can also be described as nonlocal interactions that, in the weakcoupling approximation, become bilocal. The coecients c ij of this bilocal term do not depend on spacetime positions since multiply connected topology uctuations connect spacetime points that may be far apart from each other, in the dilute gas approximation. Dieomorphism invariance on each spacetime region also requires the spacetime independence of c ij . This can also be seen by analyzing these wormholes from the point of view of the universal covering manifold, which is, by denition, simply connected. Here, each wormhole is represented by t w o boundaries located at innity and suitably identied. This identication is equivalent t o i n troducing coecients c ij that relate the bases of the Hilbert space of wormholes in both regions of the universal covering manifold. Since c ij are just the coecients in a change of basis, they will be constant. As a direct consequence, the correlation time for the elds i is innite. This means that the elds i cannot be interpreted as noise sources that are Gaussian distributed at each spacetime point independently. Rather, they are innitely coherent thus giving rise to superselection sectors. The Gaussian distribution to which they are subject is therefore global, spacetime independent [5] . One could still expect some eects originated in their quantum nature such as a cold diusion term or even dissipation. However, because they are spacetime independent, they commute with every operator, including low-energy ones, thus giving rise to superselection sectors. Therefore, all the terms in the master equation, except the one responsible for the unitary low-energy evolution, vanish. Consequently, the master equation contains no diusion term and, actually, it predicts a unitary evolution for the density matrix. If we still try to represent w ormholes by a thermal bath as we h a v e done with localized gravitational uctuations, we soon realize that, in order to reproduce the innite correlation time, the couplings i must be constant, that they must commute with every other operator and, related to these two facts, that only the zero-frequency mode of the bath can be coupled to the low-energy elds, in agreement with the result that the Gaussian distribution is spacetime independent and that the eective theory is, in this case, unitary.
From the semiclassical point of view, most of the hitherto proposed time machines [26] are unstable because quantum vacuum uctuations generate divergences in the stress-energy tensor, i.e., are subject to the chronology protection conjecture [27] . However, quantum time machines [8] conned to small spacetime regions, for which the chronology protection conjecture does not apply [28] , are likely to occur within the realm of spacetime foam, where strong causality violations or even the absence of a causal structure are expected. These Planck-size regions with quantum time machines admit an eective representation in terms of nonlocal interactions that account for the causality violations and will lead to a loss of quantum coherence [7] that can also be eectively described as coming from the interaction of low-energy elds with a thermal bath. In this case, the low-energy density matrix will also evolve according to the master equation obtained in the previous sections.
VI. CONCLUSIONS
In this paper, we h a v e built an eective theory in which spacetime has been substituted by a xed classical background plus nonlocal interactions between the low-energy elds conned to bounded spacetime regions of nearly Planck size. In the weak-coupling approximation, these nonlocal interactions become bilocal. The low-energy evolution is not unitary because of the absence of a nonvanishing timelike Hamiltonian vector eld. The nonunitarity of the bilocal interaction can be encoded in a classical noise source locally coupled to the low-energy elds and subject to a Gaussian probability distribution. Then, the evolution for the low-energy elds is provided by a master equation which contains a diusion term. The decoherence rate is suppressed by powers of the ratio between the gravitational uctuation size and the lowenergy length scale, except for the mass interaction term of scalar elds for which this rate is comparable with the low-energy evolution scale.
We h a v e argued that the quantum nature of spacetime foam is not represented in this eective theory but only its thermal properties. A model in terms of a quantum thermal eld, which in the classical noise limit coincides with the one described above, has been proposed as describing the quantum and thermal properties of spacetime foam. In this model, the low-energy density matrix evolves according to a master equation that, apart from inducing loss of coherence, contains additional terms that may be relevant for suciently high energies. These terms correspond to a dissipation process that ensure the preservation of commutators, a cold diusion, and energy shifts that can be interpreted as gravitational Lamb and Stark eects. A constructive model in terms of nonlocal interactions that takes into account the quantum origin of spacetime foam will be developed elsewhere [29, 30] within the formalism of Feynman and Vernon [31{33].
Finally, among the possible components of spacetime foam, the role of virtual black holes and small bounded regions that contain closed timelike curves has been briely analyzed in the context of our eective model. We have also argued that dilute wormholes do not admit a description in terms of a thermal bath and that they are innitely coherent a s w as already shown by Coleman [5] .
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